The effects of a variety of antiproliferative agents on voltagedependent K ϩ channel function in cortical oligodendrocyte progenitor (O-2A) cells were studied. Previously, we had shown that glutamate receptor activation reversibly inhibited O-2A cell proliferation stimulated by mitogenic factors and prevented lineage progression by attenuating outward K ϩ currents in O-2A cells. We now show that the antiproliferative actions of glutamate receptor activation are Ca 2ϩ -independent and arise from an increase in intracellular Na ϩ and subsequent block of outward K ϩ currents. In support of this mechanism, agents that acted to depolarize O-2A cells or increase intracellular sodium similarly had an antiproliferative effect, attributable at least in part to a reduction in voltage-gated K ϩ currents. Also, these effects were reversible and Ca 2ϩ -independent. Chronic treatment with glutamate agonists was without any long-term effect on K ϩ current function. Cells cultured in elevated K ϩ , however, demonstrated an upregulation of inward rectifier K ϩ currents, concomitant with an hyperpolarization of the resting membrane potential. This culture condition therefore promoted a current phenotype typical of pro-oligodendroblasts. Finally, cells chronically treated with the mitotic inhibitor retinoic acid displayed a selective downregulation of outward K ϩ currents. In conclusion, signals that affect O-2A cell proliferation do so by regulating K ϩ channel function. These data indicate that the regulation of K ϩ currents in cells of the oligodendrocyte lineage plays an important role in determining their proliferative potential and demonstrate that O-2A cell K ϩ current phenotype can be modified by long-term depolarization of the cell membrane.
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In the mammalian CNS, both types of macroglial cells, astrocytes and oligodendrocytes, express virtually all the membrane channels that are found in neurons (for review, see Newman and Reichenbach, 1996; Ransom and Orkand, 1996; Sontheimer et al., 1996; Steinhauser and Gallo, 1996; Theodosis and MacVicar, 1996; Verkhratsky and Kettenmann, 1996) . The physiological role of neurotransmitter receptors and voltage-dependent channels in glia, however, is primarily unknown, as well as the regulation of their expression during development. Delayed rectifier, transient, and inward rectifier K ϩ currents have been distinguished in both astrocytes and oligodendrocytes (Bevan and Raff, 1985; Barres et al., 1989; Sontheimer et al., 1989; Borges et al., 1994; Chvatal et al., 1995; Gallo et al., 1996) . The functional expression of these currents changes during oligodendrocyte development between the highly proliferative progenitor (O-2A) and the differentiated oligodendrocyte stages (Barres et al., 1989; Sontheimer et al., 1989; Gallo et al., 1996) . This makes cells of the oligodendrocyte lineage an ideal model to analyze the physiological role played by K ϩ channels during development and to study plastic changes in glial K ϩ current phenotype. O-2A cell proliferation is modulated by a variety of factors (McMorris and Dubois-Dalcq, 1988; Raff et al., 1988; Bogler et al., 1990; Hunter and Bottenstein, 1990; McKinnon et al., 1990; Barres et al., 1993; Gard and Pfeiffer, 1993; Hardy and Reynolds, 1993; Canoll et al., 1996) including retinoic acid (RA), which has been identified as an antimitotic agent that also inhibits O-2A differentiation (Barres et al., 1993; Laeng et al., 1994; Noll and Miller, 1994) . Similar to RA treatment, we found that activation of glutamate receptors (GluRs) in O-2A cells inhibits proliferation stimulated by mitogenic factors and prevents lineage progression . We have also shown that the opening of GluR channels causes a blockage of K ϩ currents in O-2A cells and that selective K ϩ channel blockers mimic the effects of GluR agonists on O-2A development . Taken together, these findings indicate that modulation of voltage-gated K ϩ channels can modify the proliferative state of O-2A cells.
Because of the emerging role that K ϩ channels play in glial development, we sought to determine the following: (1) the mechanism of blockade of these channels on GluR activation; (2) which functional subtypes of K ϩ channels are expressed in oligodendrocyte lineage cells during their proliferative and postmitotic stages; (3) how these distinct subtypes of K ϩ channels are affected by acute treatment with antimitotic agents acting through different mechanisms; and (4) whether chronic treatment with antiproliferative agents induce changes in the functional expression of K ϩ channels in O-2A cells. Our data indicate that membrane depolarization by itself and the subsequent reduction of delayed rectifier and transient K ϩ currents are sufficient to inhibit O-2A proliferation and lineage progression. Finally, we show that culturing O-2A cells in depolarizing concentrations of K ϩ not only blocks their proliferation but also promotes expression of a K ϩ channel phenotype that is typical of preoligodendroblasts, i.e., causes a strong upregulation of inward rectifier K ϩ channels. Cell cultures. Purified cortical O-2A progenitor cultures were prepared by modifications of previously described methods (Armstrong et al., 1990; McKinnon et al., 1990) . Briefly, E20 Sprague Dawley rats were killed following the National Institutes of Health Animal Welfare guidelines, and cortices were removed, mechanically dissociated, suspended in DMEM containing 10% FBS, and plated in plastic T75 flasks. After 12 d in culture, O-2A progenitor cells growing on top of a confluent monolayer of astrocytes were detached by overnight shaking (McCarthy and de Vellis, 1980) . Contaminating microglial cells were further eliminated by plating this fraction on plastic culture dishes for 1 hr. The O-2A progenitor cells, which do not attach well to plastic, were collected by gently washing the dishes, replated (3 ϫ 10 4 cells/cm 2 ) onto poly-D-ornithinecoated plates (0.1 mg/ml) and cultured in DME-N1 biotin-containing medium. After 2 hr, either PDGF (human AB, heterodimer form; 10 ng/ml) or bFGF (human; 10 ng/ml), or PDGF ϩ bFGF (10 ng/ml each) was added to the culture medium. O-2A cells were cultured for 1-3 d and treated every 24 hr with PDGF and/or bFGF. Differentiation into O4 ϩ , postmitotic pro-oligodendroblasts (Gallo and Armstrong, 1995) was promoted by growing the O-2A progenitors for 2-3 d in DME-N1 medium containing 0.5% FBS. The culture media containing high KCl were modified DMEM containing 25 mM KCl and 89 mM NaCl (25 mM K ϩ medium), or 45 mM KCl and 69 mM NaCl (45 mM K ϩ medium) (Life Technologies). The 25 mM K ϩ /no Ca 2ϩ medium contained 91.3 mM NaCl, whereas the 45 mM K ϩ /no Ca 2ϩ medium contained 71.3 mM NaCl (Life Technologies).
MATERIALS AND METHODS

Materials
Cultures enriched with different cell types were characterized immunocytochemically by using cell type-specific antibodies (see below). Cell cultures used for immunostaining were grown on glass coverslips precoated with poly-D-ornithine. In cortical cultures enriched in O-2A progenitors, Ͼ95% of the cells were labeled by the monoclonal LB1, anti-GD3 antibody (Levi et al., 1986; Curtis et al., 1988) after 24 -48 hr in vitro with PDGF or PDGF ϩ bFGF. In pro-oligodendroblast-enriched cultures, Ͼ85% of the cells were O4
ϩ (Sommer and Schachner, 1981) after 48 hr of culture in the absence of mitogens.
Cell proliferation assays. Cell proliferation was assayed as described previously . Purified cortical O-2A cells were plated in DME-N1 biotin-containing medium with 0.5% FBS in 24 multiwell plates at a density of 2 ϫ 10 4 cells/cm 2 . After 2 hr, PDGF and/or bFGF and test compounds were added to the cultures along with [methyl- 3 H]thymidine (0.5 Ci/ml; 85 Ci/mmol). After 22 hr, cells were lysed and [ 3 H]thymidine incorporation was measured by precipitation with 10% trichloroacetic acid and scintillation counting.
Immunocytochemistry and counting of cell cultures. The primary antibodies used were LB1 (Levi et al., 1986; Curtis et al., 1988) and O4 (Sommer and Schachner, 1981) . Indirect immunofluorescence experiments were performed as described previously (Gallo and Armstrong, 1995; Gallo et al., 1996) . Live cells were incubated for 30 min with primary antibodies diluted in DMEM, followed by fluorescein-conjugated GAM IgG (for LB1) or IgM (for O4) for 20 min. Cells were then fixed in 4% paraformaldehyde and 0.2% glutaraldehyde, pH 7.4 in PBS, for 15 min and mounted in Vectashield (Vector Laboratories, Burlingame, CA). Controls for antibody specificity were performed by sequentially omitting each of the primary antibodies in the immunostaining protocols. The percentage of O4 ϩ cells was determined on three independent sets of cultures as described previously . After 2 d in culture, only a small percentage (Ͻ2%) of the total cells were stained with the monoclonal antibody O1 (Sommer and Schachner, 1981 ) (see also Gallo and Armstrong, 1995) .
Electrophysiology. For electrophysiological experiments, cells were cultured either with 10 ng/ml PDGF (proliferating O-2A progenitor cells) or with PDGF for 2 d and then in N1 ϩ O.5% FBS for 3 d (prooligodendroblasts). Cells were perfused with media of the following composition (in mM): NaCl 160, KCl 2.5, CaCl 2 1.5, MgSO 4 1.5, and glucose 10; HEPES 10; TTX 0. (Hamill et al., 1981; Edwards et al., 1989) were made from GD3
ϩ O-2A progenitors or O4 ϩ prooligodendroblasts. Careful attention was paid to select only cells with a strict bipolar morphology for O-2A electrophysiological analysis, to ensure that a homogeneous population of cells was studied. Patch electrodes were fabricated from thin-walled borosilicate glass (WPI, Gaithersburg, MD, TW150F-6) and had resistances of 2-6 M⍀ when filled (in mM) with K-gluconate 130; NaCl 10; Na 2 ATP 2; NaGTP 0.3; HEPES 10; ethylene glycol-bis-␤-aminoethylether, EGTA 0.6; buffered to pH 7.4 and ϳ275 mOsm. Glutathione (5 mM) was included and Mg 2ϩ excluded from the intracellular solution to prevent a loss of N-type inactivation resulting from cysteine oxidation (Ruppersberg et al., 1991) . Cell sealing and breakthrough into whole-cell mode were performed in current-clamp mode, permitting an accurate determination of cell resting membrane potential. Unless stated otherwise, cells were then voltage-clamped between Ϫ70 and Ϫ40 mV and test pulses delivered to Ϫ60 to ϩ70 mV (0.1 Hz). Linear leak current and capacitive artifacts were digitally subtracted off-line using Clampfit (Axon Instruments, Burlingame CA) before analysis. Records were filtered at 2 kHz and digitized at 5-10 kHz. The series resistances were calculated from the capacitive current peak (filtered at 10 -20 kHz) in a 10 mV voltage step and were in the range of 5-15 M⍀ (mean 11.4 Ϯ 1.3 M⍀; n ϭ 47). Series resistances were compensated to at least 85%. Cell capacitance was measured directly from the amplifier after compensation of the series resistance and capacitance in response to a 5-10 mV voltage step. Current density was calculated by dividing current amplitude by the cell membrane capacitance. Plots of the voltage dependence of current activation were constructed by dividing the peak current by the driving force (V test Ϫ V r ), where V test was the step depolarizing potential and V r was the calculated reversal potential (E k ϭ Ϫ95 mV). The activation profiles were fitted with a Boltzmann equation of the form:
where g/g max is the conductance normalized to its maximum value, V is the membrane potential, V 1/2 is the membrane potential at which the current amplitude is half maximum, and k is a constant. For the construction of activation curves of the sustained current component (e.g., see Fig. 1 ) the sum of two independent Boltzmann equations was used. All drug solutions were added directly to the bath via the perfusion system in known concentrations. All data are expressed as the mean Ϯ SEM.
RESULTS
Voltage-dependent potassium currents in O-2A progenitor cells
Sustained current component
Previous studies have characterized the variety of voltagedependent currents present in A2B5 ϩ O-2A progenitor cells (Sontheimer et al., 1989; Barres, 1990) . However, because these cells possess multiple proliferative stages, all with distinct repertoires of voltage-gated currents (Sontheimer et al., 1989; Barres, 1990) , we considered it appropriate to first perform a detailed analysis of the outward and inward voltage-dependent potassium currents present in GD3 ϩ , O-2A progenitors cultured with PDGF.
At a holding potential of Ϫ40 mV, a voltage close to the resting membrane potential (Table 1) , voltage-gated, outward currents were activated by incremental test potentials (10 mV increments, 0.1 Hz) up to ϩ70 mV (Fig. 1) . Currents activated from this holding potential were of a sustained phenotype (Fig. 1 A, B ; Table  1 ) and possessed properties similar, but not identical, to those described previously for A2B5 ϩ cells (Sontheimer et al., 1989 ). The current time to peak was relatively rapid; at a test potential of ϩ70 mV, the mean time to peak ϭ 13.7 Ϯ 2.0 msec (n ϭ 10) and showed no voltage-dependence in its rate of activation over all potentials tested. The sustained current phenotype, observed in Ͼ90% of cells, demonstrated modest inactivation during a maintained depolarizing test pulse (500 msec). At a time point of 490 msec, the mean current inactivation was 34.1 Ϯ 3.4% (n ϭ 10, V test ϭ ϩ70 mV). The magnitude of current inactivation, however, varied from cell to cell (range, 0 -50%; compare currents in Figs. 1, 3, and 4) .
The voltage-dependence of activation of O-2A cell outward currents has not been analyzed previously. A, Outward currents were activated by test potentials up to ϩ70 mV (10 mV increments, 0.1 Hz, V hold ϭ Ϫ70 mV). A prepulse to either Ϫ110 or Ϫ40 mV (100 msec duration, see insets) permitted the isolation of both the sustained and transient current components. Currents evoked from Ϫ40 mV possessed only a sustained current phenotype (left panel ). When a prepulse to Ϫ110 mV was included, an additional transient current component was observed in the total current activated (middle trace). Digital subtraction of the sustained current component (left panel ) from the total outward current (middle panel ) permitted the isolation of the inactivating transient current component (right panel ). The sustained current demonstrated modest inactivation (10%) during a 500 msec test pulse. B, The sum of two Boltzmann distributions was required to adequately describe the voltage-dependence of sustained current activation. The mean half-activations of the two current components were Ϫ23.7 Ϯ 0.5 mV (k ϭ 5) and 12.9 Ϯ 1.8 mV (k ϭ 13) (n ϭ 25). The two currents represented 37 and 63% of the total current, respectively. This suggests that the total sustained current in O-2A cells reflects the temporal overlap of two current components. C, Transient currents were observed in only 63% of cells. In contrast to the sustained current, a single Boltzmann distribution was sufficient to describe the voltage-dependence of activation. Transient currents had a mean half-activation of Ϫ10.4 Ϯ 0.9 mV (n ϭ 24).
voltage-dependence of activation (see Materials and Methods); the mean half-activation potentials of the two currents were Ϫ23.7 Ϯ 0.5 mV (k ϭ 5) and ϩ12.9 Ϯ 1.8 mV (k ϭ 13) (n ϭ 25). Each current component represented 37 and 63% of the total current respectively. We considered it possible that one of these components may represent a Ca 2ϩ -dependent outward K ϩ current, similar to that shown in O4 ϩ cells (Sontheimer et al., 1989) . When experiments were performed in a nominally Ca 2ϩ -free solution (see Materials and Methods), however, the voltage-dependence of activation and the relative proportion of each current remained relatively unchanged (data not shown). These data suggest that the total sustained current in these cells reflects the temporal overlap of two Ca 2ϩ -independent sustained current components.
Transient current properties
When depolarizing test pulses were preceded by a prepulse to Ϫ110 mV (100 msec), a rapidly activating current component was observed in 63% of the cells (Fig. 1 A; Table 1 ). Digital subtraction of the current family obtained with a prepulse to Ϫ40 mV from that obtained with a prepulse to Ϫ110 mV permitted the isolation of the transient "A-type" current component ( Fig. 1 A, right panel ). Figure 1 shows that transient currents were activated at potentials positive to Ϫ70 mV and had a half-activation potential of Ϫ10.4 Ϯ 0.9 mV (n ϭ 24). In many O-2A cells (37%) we were unable to detect an appreciable transient current component. We considered it possible that this may result from a loss of N-type inactivation of the channels underlying the transient current resulting from cysteine oxidation (Ruppersberg et al., 1991 ) during whole-cell recording. This was unlikely, however, because the reducing agent glutathione was included and Mg 2ϩ excluded from the pipette solution in all recordings.
Inward rectifying K ϩ currents (Kir)
GD3
ϩ O-2A cells displayed Kir with properties similar to those described previously by Barres et al. (1990) (Fig. 2 ; Table 1 ). In the present experiments, Kir were activated by either one of two protocols. Cells were voltage-clamped at Ϫ40 mV, and a voltage step was delivered to Ϫ120 mV (200 msec) to fully activate the Kir. A voltage ramp protocol was then used to cross the voltage range Ϫ120 mV to ϩ50 mV (60 mV/sec; Fig. 2 A) . This protocol was then repeated in the presence of extracellular Cs ϩ (5 mM) to selectively block the Kir (Barres et al., 1990) . Kir were isolated by digitally subtracting the current in the presence of Cs ϩ from that obtained in control (Fig. 2 B) . The reversal potential of the Cs ϩ - Figure 2 . Kir currents in O-2A progenitor cells are revealed at negative test potentials. Kir were activated by either one of two protocols. A, A ramp protocol (inset) delivered from Ϫ120 mV to ϩ50 mV (60 mV/sec) evoked both inward and outward currents. Addition of Cs ϩ (5 mM) to the extracellular solution selectively blocked the Kir. B, Kir were isolated by digitally subtracting the current obtained in the presence of Cs ϩ from that obtained in control. The reversal potential of Kir was Ϫ96 mV, close to the calculated reversal potential for K ϩ (E Kcalc ϭ Ϫ100 mV). At potentials positive to Ϫ90 mV, the Cs ϩ -sensitive current became outward until strong rectification was observed and no current was observed at the most positive potentials. C, Alternatively, Kir were activated by voltage-clamping cells at Ϫ70 mV and delivering test potentials to negative voltage-steps (5 mV increments, 0.1 Hz). Application of Cs ϩ removed all time-dependent currents (middle panel ) and permitted the isolation of Kir by digital subtraction (bottom panel ). D, The Kir E rev were shifted in a predictable manner when [K ϩ ] o was elevated from 2.5 to 45 mM (E rev ϭ E Kcalc ϭ Ϫ26 mV, D). This confirms that the major permeant ion is K ϩ , confirming that the isolated current was Kir and not the hyperpolarizing-activated current I h .
sensitive current was Ϫ96 mV, close to the calculated reversal potential for K ϩ (E Kcalc ϭ Ϫ100 mV). At potentials positive to Ϫ90 mV, the Cs ϩ -sensitive current became outward, but with additional depolarization, strong rectification was observed and no outward current was observed at the most positive potentials. Alternatively, Kir were activated by holding the cell at Ϫ70 mV and voltage steps to negative test potentials (5 mV increments, 0.1 Hz, Fig. 2 B) were delivered, to a final test potential of Ϫ120 mV. Application of Cs ϩ removed all time-dependent currents and permitted the isolation of Kir. The inward rectifying current was also sensitive to extracellular Ba 2ϩ (5 mM, n ϭ 6; data not shown). The Kir E rev was shifted in a predictable manner when [K ϩ ] o was elevated to 45 mM (E rev ϭ E Kcalc ϭ Ϫ26 mV; Fig. 2 D) , confirming that the the isolated current was indeed Kir and not the hyperpolarizing current I h (Halliwell and Adams, 1982; Maccaferri et al., 1993) .
properties in pro-oligodendroblasts
We reported previously that on attainment of the O4 ϩ prooligodendroblast phenotype, a downregulation of all outward K ϩ currents was observed . A comparison of K ϩ current phenotypes and their corresponding current densities in both O-2A and pro-oligodendroblast cell types is shown in Table  1 . In addition to our previous data, we now report an upregulation of the Kir current density concomitant with a negative shift in the cell resting membrane potential in O4 ϩ cells (Table 1 ). The observations that K ϩ currents in the O-2A lineage are developmentally downregulated and that the antiproliferative actions of glutamate occur through a reversible blockade of voltagedependent K ϩ channels suggest that regulation of K ϩ channel activity might be intimately linked to the proliferative potential of the O-2A cells, similar to that observed in other neural (Chiu and Wilson, 1989; Pappas et al., 1994) and non-neural (DeCoursey et al., 1984) cell types.
[Na
In our previous study, we demonstrated that AMPA receptor activation attenuated O-2A cell K ϩ currents and suggested that the antiproliferative action of GluR activation may result from a mechanism involving a blockade or a downregulation of K ϩ channels. A study by Kettenmann and co-workers (Borges and Kettenmann, 1995) also demonstrated that the GluR-induced K ϩ current reduction resulted from an increase in [Na ϩ ] i , presumably entering the cell as a consequence of GluR activation.
In the present experiments, we first confirmed our initial finding that GluR activation blocks K ϩ currents in O-2A cells and then extended this observation to analyze the role of depolarization and [Na ϩ ] i in the current attenuation. Figure 3 demonstrates that at a test potential of ϩ70 mV and in the presence of extracellular Na ϩ ions, 200 M kainate attenuated the sustained current by 48.5 Ϯ 5.3% (n ϭ 11). In addition, we now show that the isolated transient current was also blocked by GluR activation (mean current block, 41.2 Ϯ 9%, n ϭ 6) (Fig. 3E) . The block of the K ϩ currents by kainate was weakly voltage-dependent; the block of the sustained current at ϩ70 mV (48%) was similar to that observed at 0 mV (mean current block, 46.0 Ϯ 6.0%, n ϭ 6), but was greater than that seen at Ϫ20 mV (39.4 Ϯ 9.8, n ϭ 6). Inclusion of the non-NMDA receptor antagonist DNQX (20 M) in the extracellular solution blocked the kainate-induced attenuation of K ϩ currents (Fig. 3 B, E) , confirming a requirement for AMPA receptor activation in K ϩ current attenuation. Previously, we demonstrated that the effects of kainate on O-2A K ϩ currents were Ca 2ϩ -independent . To confirm that an increase in [Na ϩ ] i alone was responsible for the K ϩ current block, we substituted extracellular Na ϩ with the membrane impermeant ion NMDG (160 mM). In NMDG-containing solution, kainate had no effect on O-2A K ϩ currents (94.2 Ϯ 5.3% of control currents, n ϭ 5). It is possible that NMDG may block current through AMPA receptor channels by physical occlusion of the channel pore; however, in the present experiments, a small inward current still could be observed in response to kainate in the presence of NMDG (22.1 Ϯ 3.7 n ϭ 14 compared with control 112.7 Ϯ 20 pA n ϭ 12), which was presumably attributable to Ca 2ϩ entry. These data are in agreement with the findings of Borges and Kettenmann (1995) and confirm that Na ϩ entry after AMPA receptor activation underlies the attenuation of both the transient and sustained K ϩ current. Voltage-dependent Na ϩ currents have been described previously in cultured O-2A cells (Sontheimer et al., 1989; Barres et al., 1990) . We therefore determined whether a direct increase in [Na ϩ ] i by the Na ϩ channel opener veratridine also blocked K ϩ currents in O-2A cells. Application of veratridine (50 M) reversibly attenuated both the transient and sustained current (Fig.  3 D, E) . The mean block of sustained and transient currents was 53.7 Ϯ 3.1% and 22.2 Ϯ 7.1% (n ϭ 10), respectively. In addition, the action of veratridine was associated with a small inward current (17 Ϯ 8pA, n ϭ 9) consistent with an increase in [Na ϩ ] i . Finally, the Na ϩ /K ϩ exchange inhibitor ouabain (1 mM), which causes a rise in the intracellular Na ϩ concentration, inhibited the sustained outward current by 46 Ϯ 12% (n ϭ 4).
We ] o from 2.5 to 45 mM decreased outward currents and augmented the inward rectifying current (Fig. 4) . Both the magnitude of the reduction of the sustained current and the augmentation of the Kir were as predicted from a simple change in the K ϩ driving force. The calculated reversal potential (E Kcalc ) for K ϩ currents in 45 mM [K ϩ ] o was Ϫ26 mV and predicted an attenuation of outward currents by 56%, assuming no change in the voltage-dependence of activation. Figure 4 A demonstrates that the current amplitude was reduced by 52 Ϯ 5% (n ϭ 6), a value close to the calculated value. Likewise, the observed augmentation of the Kir was 440 Ϯ 60% (n ϭ 5) (Fig.  4 B) , a value close to the predicted value of 469%. . Because the opening of GluR channels causes a large influx of Na ϩ (and Ca . The magnitudes of both the sustained current reduction and the Kir augmentation were as predicted from a simple change in the K ϩ driving force. Aii, The current amplitude was reduced by 52 Ϯ 5% (n ϭ 6), a value close to the calculated value (56%). Bii, Likewise, the observed augmentation of the Cs ϩ -sensitive Kir was 440 Ϯ 60% (n ϭ 5), a value close to the predicted value of 469%.
icked the effects of GluR agonists on O-2A cell proliferation under all the culture conditions tested (Fig. 5) . Similarly to kainate or AMPA, high extracellular K ϩ (Fig. 5A ) and veratridine (Fig. 5B) 3 H]thymidine-pulsed in a low-K ϩ medium containing PDGF, reentered S-phase with a temporal pattern similar to cells that were never exposed to depolarizing concentrations of K ϩ (Fig. 5C) . A similar pattern was also observed for cells cultured with PDGF and veratridine for 24 hr, and then [ 3 H]thymidinepulsed in a veratridine-free medium containing PDGF (Fig. 5D ).
It can be concluded, therefore, that the inhibitory effects of depolarization on O-2A cell proliferation were reversible.
The Na ϩ /K ϩ exchange inhibitor ouabain, which causes a raise in the intracellular Na ϩ concentration, dose-dependently inhibited proliferation of O-2A cells cultured with PDGF or bFGF. Table 2 shows that ouabain (10 -1000 M) caused a 20 -80% dose-dependent inhibition of both PDGF-and bFGF-stimulated O-2A cell proliferation.
The (Raff et al., 1988) , did not affect cell proliferation under any of the culture conditions analyzed (Fig. 6 B) . In particular, 30 nM A23187 caused an appreciable [Ca 2ϩ ]i elevation in the majority of the cells tested (P. Simpson and J. Russell, personal communication), but failed to modify [ 3 H]thymidine incorporation in O-2A progenitors (Fig. 6 B) . Finally, the voltage-dependent Ca 2ϩ channel blocker nifedipine did not reverse the inhibitory effects of kainate, veratridine, or high K ϩ on O-2A cell proliferation stimulated by PDGF or bFGF (data not shown).
Membrane depolarization prevents O-2A lineage progression
Our previous studies demonstrated that activation of GluRs in O-2A cells inhibited their lineage progression to the prooligodendroblast stage, identified by the monoclonal antibody O4 . We therefore analyzed whether membrane depolarization also reproduced the effects of GluR activation on O-2A development. Under culture conditions that permitted O-2A lineage progression (N1, PDGF, or bFGF for 2 d), depolarizing concentrations (45 mM) of K ϩ significantly decreased the percentage of O4 ϩ pro-oligodendroblasts (Fig. 7) . In cells treated with PDGF ϩ bFGF, a condition that prevents O-2A progenitor differentiation (Bogler et al., 1990; McKinnon et al., 1990; Gallo and Armstrong, 1995) , membrane depolarization did not modify the small percentage of O4 ϩ cells present in the cultures after 2 d. Under all the culture conditions tested, the small percentage (Ͻ2%) of O1 ϩ cells was not affected by 45 mM KCl (data not shown).
Chronic GluR activation does not alter K
؉ current properties
Previous studies have indicated that cells of the oligodendrocyte lineage display changes in their K ϩ current phenotype that are related to their proliferative potential and their developmental stage (Sontheimer et al., 1989 . We therefore considered the possibility that long-term treatment of O-2A cells with antimitotic agents could induce plastic changes in the K ϩ current phenotype similar to those observed during the transition from a proliferative to a nonproliferative state (Sontheimer et al., 1989; Barres et al., 1990) . Our O-2A cell proliferation assays 38 Ϯ 6* 50 Ϯ 4* O-2A progenitor cells were purified and cultured as described previously at a density of 3 ϫ 10 4 cells /cm 2 in DME-N1 medium, containing 0.5% FBS (Gallo and Armstrong, 1995) . After 2 hr, PDGF or bFGF (both 10 ng /ml), ouabain (10 -1000 M), and A, Absence of extracellular Ca 2ϩ does not prevent kainate-, veratridine-, and high K ϩ -induced inhibition of O-2A cell proliferation. Cells were plated in 24-well plates at a density of 30,000 cells / well and cultured in DME-N1 ϩ 0.5% FBS with PDGF and /or bFGF (both 10 ng /ml), in the presence or absence of extracellular Ca 2ϩ (see Materials and Methods for media composition). Veratridine was added at a concentration of 25 M, kainate was 100 M, whereas the high K ϩ media contained 45 mM KCl. [ 3 H]thymidine (0.5 Ci /ml) was added to the cultures 2 hr after plating the cells. (Table 3 ). The mean current densities of both the sustained and Kir currents in O-2A cells were unaltered (Table 3) . Likewise, the voltage-dependence of activation of the sustained current components were unaltered (data not shown). In kainate-treated cultures, the mean half-activation potentials of the sustained current components were Ϫ26.3 Ϯ 1.3 and 16.7 Ϯ 5.3 mV (n ϭ 7). The contribution of each current to the total sustained current remained unchanged at 39 and 61%, respectively, (data not shown). These data suggest that long-term culture in either kainate or AMPA was without long-lasting effect on the O-2A cell K ϩ current phenotype. Interestingly, the transient current density was significantly reduced in cultures chronically treated with kainate. The reasons for the selective attenuation of the transient current are unclear at this time and were not studied further. These results support our previous data , which demonstrated that on removal of kainate, O-2A cells continue to proliferate similarly to control cultures. , see Materials and Methods), the resting membrane potential was significantly more negative than that seen in control control cultured cells, whereas no significant change in cell capacitance was observed (Table 3 ). This shift in the membrane potential likely reflected the upregulation of the Kir current density observed (Fig. 8 B; Table 3 ), because Kir play a dominant role in setting resting membrane potential (Duffy et al., 1995 (Fig. 8 Bii) . Likewise, both the sustained and transient outward current densities were upregulated after culture in 45 mM [K ϩ ] o (Fig. 8 A; Table 3 ). Despite a larger current density, the voltage-dependence of the sustained current components was unaffected. The mean half-activations of the two current components were Ϫ29.4 Ϯ 0.2 (k ϭ 6) and 16.3 Ϯ 1.7 (k ϭ 13) (n ϭ 9, data not shown). Likewise, the contributions of both current components remained unchanged at 43 and 57%, respectively.
RA reversibly inhibits O-2A cell proliferation and downregulates K ؉ currents
Finally, we analyzed the effects of a different anti-proliferative agent, RA, on K ϩ channel function. RA is known to regulate oligodendrocyte precursor development (Barres et al., 1993; Laeng et al., 1994; Noll and Miller, 1994) . In agreement with previous studies on brain and spinal cord O-2A cells cultured with bFGF (Laeng et al., 1994; Noll and Miller, 1994) , micromolar concentrations of RA inhibited cortical O-2A proliferation triggered by PDGF, bFGF, or PDGF ϩ bFGF, as measured by [ 3 H]thymidine incorporation (Fig. 9A) . IC 50 values for RA were 0.36 Ϯ 0.1, 3.4 Ϯ 0.6, and 1.7 Ϯ 0.5 M in PDGF, bFGF, and PDGFϩbFGF, respectively (n ϭ 9). The effects of RA on O-2A cell proliferation were reversible. O-2A cells cultured with PDGF and RA for 24 hr, and then [ 3 H]thymidine-pulsed in an RA-free medium containing PDGF, reentered S-phase with a temporal pattern similar to that of untreated cells (Fig. 9B) .
Consistent with previous reports (Barres et al., 1994; Laeng et al., 1994; Noll and Miller, 1994) , we found that RA treatment promoted a more bipolar morphology in O-2A cells (data not shown). Additionally, under culture conditions that promoted lineage progression (N1, PDGF, or bFGF), treatment with 1 M RA significantly decreased the percentage of O-2A cells that developed into O4 ϩ pro-oligodendroblasts (Fig. 9C) . In cells treated with PDGF ϩ bFGF, the percentage of O4 ϩ cells was not significantly affected by RA (Fig. 9C ). In conclusion, RA, agents that increase [Na ϩ ] i , and membrane depolarization similarly modulate O-2A cell proliferation and lineage progression.
Like the other antiproliferative agents tested, RA also altered O-2A K ϩ currents. In cells cultured for periods of 24 -48 hr in 1 M RA-containing media, both a downregulation of the transient current component and the sustained current density were observed in O-2A cells recorded in the absence of RA (Fig. 10) . The mean current density reductions were 61 and 30%, respectively, (Table 3) and were not associated with any changes in the resting membrane potential or cell capacitance (Table 3) . Similar to the other antiproliferative agents, RA had no effect on the voltagedependent properties of activation of either the sustained or the transient current components. In cells treated with RA, two sustained current components still could be resolved, possessing half-activations of Ϫ22.4 Ϯ 0.7 (k ϭ 6; n ϭ 13) and 16.1 Ϯ 1.6 mV (k ϭ 7), values similar to those seen in control. The relative contribution of each current component remained unchanged from control untreated cells. Likewise, despite a 60% attenuation of current density, the transient current component possessed voltage-dependent activation (Ϫ6 Ϯ 1.3 mV) properties similar to those seen in untreated cells. In contrast, RA treatment was without effect on the Kir current density (Table 3) .
DISCUSSION
The present report extends our previous findings in O-2A cells that GluR activation causes an indirect blockage of voltagedependent K ϩ channels and through this mechanism, a reduction in cell proliferation . Here we show that (1) the effects of GluR agonists on K ϩ channel activity are not direct but (Table 3) . A, An increase in the sustained current density was observed after culture in 45 mM [K ϩ ] o for 48 hr (see also Aii, Summary histograms of data obtained at a test pulse of ϩ70 mV reveals an upregulation of both the current amplitude and the current density when normalized for any changes in membrane capacitance. Bi, Similarly, an upregulation of the Kir current density was also observed after chronic exposure to 45 mM [K ϩ ] o culturing conditions (Bi, 1, 3, 4 ) (see also (Barres et al., 1994; Laeng et al., 1994; Noll and Miller, 1994) . The effects of RA on cell proliferation appear to be attributable, at least in part, to its action on voltage-dependent K ϩ channels, because O-2A cells cultured in RA displayed a significant downregulation of both sustained and transient K ϩ currents. Although it is likely that RA inhibits K ϩ channel function through a mechanism distinct from that of veratridine and high [K ϩ ] o (Mangelsdorf et al., 1995) , its action on voltage-dependent K ϩ currents is consistent with its effects on O-2A cell proliferation.
The present results provide some insight into the role of voltage-gated outward currents in an otherwise electrically inexcitable (i.e., absence of action potentials) cell type. The observation that the activation threshold for outward K ϩ currents (Ϫ40 mV) lies close to the cell resting membrane potential (Ϫ45 mV) suggests that O-2A cells are endowed with a mechanism to tightly regulate depolarizing perturbations in membrane potential. In the normal proliferative state, therefore, only small depolarizations around the resting membrane potential would be tolerated by the O-2A cell before activation of outward K ϩ currents. Depolarizing stimuli that exceed this narrow voltage range would activate outward K ϩ currents, which would tend to hyperpolarize the O-2A cell and prevent further depolarization. This tight regulation of the membrane resting membrane potential may act to ensure that O-2A cells remain in an active proliferative state. Voltage-dependent sodium channels have an activation threshold close to Ϫ35 mV (Barres et al., 1990) , a voltage more positive to outward K ϩ current activation. Any agent that strongly depolarized the O-2A cell membrane to activate voltage-dependent Na ϩ channels and increase [Na ϩ ] i would consequently inhibit or downregulate K ϩ currents, compromising the ability of the cell to adequately regulate its membrane potential in response to depolarizing stimuli. Therefore, any reduction in outward K ϩ currents would permit a larger membrane depolarization to be experienced by the cell for a given stimulus. This larger depolarization may be sufficient to cause promotion of the antiproliferative state; however, we cannot rule out that mechanisms secondary to changes in membrane potential are also involved. These may include the t test) . B, The antiproliferative effects of RA are reversible. Progenitor cells were cultured in PDGF (10 ng /ml) in the absence or presence of RA (1 M). After 22 hr, all cells were shifted to fresh culture medium, without RA, containing PDGF (10 ng /ml) and [ 3 H]thymidine (0.5 Ci /ml). Cells were harvested after 6, 12, and 24 hr, and [ 3 H]thymidine incorporation was determined by trichloroacetic acid precipitation and scintillation counting. Averages Ϯ SEM (n ϭ 3) are shown. At 22 hr, before the shift to RA-free medium, RA inhibited [ 3 H]thymidine incorporation by 47%. C, Treatment with RA prevents O-2A lineage progression, as detected by staining with O4 antibody. O-2A progenitor cells were purified and cultured on coverslips in DME-N1 medium with 0.5% FBS with PDGF (10 ng /ml), or bFGF (10 ng /ml), or PDGF ϩ bFGF. RA (1 M) was added to the culture medium 2 hr after plating. After 48 hr, cells were immunostained with O4 antibody and counted. Averages Ϯ SEM obtained from three experiments (n ϭ 20) are shown. The total number of cells counted for each culture condition ranged from 683 to 2176; *p Ͻ 0.001 (Student's t test). modulation of expression of genes involved in cell cycle progression.
Previous studies have demonstrated that membrane depolarization and an increase in [Na ϩ ] i can stimulate a mitogenic response in cultured central neurons (Cone and Cone, 1976; Cone, 1980) . Our findings agree with the analysis in distinct glial cell types. Proliferation of astrocytes (Pappas et al., 1994) and Schwann cells (Chiu and Wilson, 1989) is also inhibited by membrane depolarization or by K ϩ channel blockers. In cells of the oligodendrocyte lineage, suppression of K ϩ channel activity has important functional consequences, as demonstrated by the findings of Shrager and Novakovic (1995) that long-term treatment with the K ϩ channel blocker TEA prevented myelination in spinal cord microexplants. We are currently studying the intracellular mechanism that links blockage of K ϩ channels and inhibition of O-2A proliferation, as well as the phase of the cell cycle affected by activation of GluRs or membrane depolarization. One likely mechanism was demonstrated in a series of elegant experiments by Pappas et al. (1994) , who showed that inhibition of astrocyte proliferation by K ϩ channel blockers was attributable to (and can be mimicked by) alkaline shifts in intracellular pH (pH i ). Consistent with this mechanism, depolarization by an elevation of [K ϩ ] o has been demonstrated to result in alkalinization of forebrain astrocytes (Boyarsky et al., 1993) . Changes in pH i are known to affect progression through S-phase of the mitotic cycle (Hutchinson and Glover, 1995) , and it is also likely that in O-2A cells, blockage of voltage-dependent K ϩ channels reduces H ϩ leak through these channels, thereby causing an acidic shift in pH i , which is also known to have an antiproliferative effect (Pappas et al., 1994) .
An important finding of the present study is that chronic exposure of O-2A cells to elevated [K ϩ ] o causes a long-term change in K ϩ channel current expression, such that the resulting current phenotype is similar to that observed previously in pro-oligodendroblast (Barres et al., 1989; Sontheimer et al., 1989; Gallo et al., 1996) . Importantly, this shift to a "prooligodendroblast-like" phenotype occurs independently of a developmental transition to a more differentiated stage of the lineage, as determined by the antigenic phenotype of the cells. O-2A progenitor cells cultured in 45 mM K ϩ -containing me- Table 3 ). Representative traces from two different cells in both control and RA culture conditions are depicted in Ai and Bi to illustrate the downregulation of both the transient and sustained currents in RA culturing conditions. Aii, Bii, Summary histograms of the effects of chronic exposure to RA on both the isolated sustained and transient current components. Both the transient and the sustained current densities were significantly reduced after chronic exposure to RA. Aiii, Biii, RA had no effect on the voltage-dependent properties of activation of either the sustained or the transient current components. Aiii, Two sustained current components could be resolved, possessing half-activations of Ϫ22.4 Ϯ 0.7 (k ϭ 6; n ϭ 13) and 16.1 Ϯ 1.6 mV (k ϭ 7); values similar to those seen in control. The relative contribution of each current component was unchanged from control untreated cells. Biii, Despite a 60% attenuation of current density, the transient current component possessed voltage-dependent activation properties (Ϫ6 Ϯ 1.3 mV, n ϭ 13) identical to that seen in control treated cells. (Orkand et al., 1966; Chiu, 1991) by providing a rapid and efficient removal of ions by taking up K ϩ . In agreement with this hypothesis, Wilson and Chiu (1990) demonstrated that inwardly rectifying K ϩ channels are concentrated in Schwann cell membranes in the vicinity of the nodes of Ranvier, an area associated with the extrusion of K ϩ into the extracellular environment after action potential activity. In contrast, Kir were absent from the perinuclear region of the cell, i.e., an area not associated with the node. High levels of expression of Kir channels in cells of the oligodendrocyte lineage have been largely associated with the acquisition of the pro-oligodendroblast phenotype; however, our data suggest that the presence of Kir channels on cells of the oligodendrocyte lineage does not depend on the proliferative state of the cell per se, but perhaps is attributable simply to the concentrations of K ϩ in the surrounding medium. (Canady et al., 1990; Pappas et al., 1994 ; present study), but also increases protein synthesis and decreases GFAP expression in astrocytes (Canady et al., 1990) . Taken together, these data on distinct macroglial cell types indicate that elevated [K ϩ ] o accompanying neuronal activity may cause short-and long-term effects on glial cell development through changes in K ϩ channel activity and expression. Finally, high [K ϩ ] o ions may also impact oligodendrocyte development and function in pathological states, such as epileptic seizures, anoxia, and spreading depression, because significant increases in [K ϩ ] o have been reported under all these pathological conditions (Moody et al., 1974; Sugaya et al., 1975; Somjen, 1979; Hertz, 1986) .
